Objective: To examine the relationship between formaldehyde exposure and fetal growth in the second trimester and the potential mediating role of oxidative stress in this relationship.
preterm labor (<37 weeks gestation; Buhimschi, Buhimschi, Pupkin, & Weiner, 2003; Duong, Steinmaus, McHale, Vaughan, & Zhang, 2011; Pearson et al., 2003; Zhu, Knudsen, Andersen, Hjollund, & Olsen, 2006 ).
Formaldehyde, an aldehyde, is an air pollutant with the chemical formula of CH 2 O. Aldehydes are organic compounds that contain a formyl group that may modify gene expression (National Toxicology Program, 2010) . The International Agency for Research on Cancer (IARC) reclassified FA from probable human carcinogen to known human carcinogen in 2006 on the basis of sufficient evidence of its association with nasopharyngeal and nasal sinuses cancer and leukemia in industrial workers (National Toxicology Program, 2010) . In addition, FA enhances oxidative stress, which is considered cytotoxic and potentially carcinogenic (Attia, Mansour, Taha, & El Dein, 2014) . Furthermore, FA impairs fetal defense against allergic stimuli and infectious agents during pregnancy (Silva Ibrahim et al., 2015) . Formaldehyde is defined by the Clean Air Act Maximum Achievable Control Technology standard as a hazardous air pollutant (U.S. Environmental Protection Agency [EPA], 1990) . The Agency for Toxic Substances and Disease Registry (ATSDR; reported that indoor air is the dominant contributor to FA exposure through inhalation.
Indoor FA in residential dwellings is mainly emitted from building and household materials, such as paints, adhesives, wall boards, ceiling tiles, carpets, furniture, fiberglass, fabrics, household cleaners, insulation foams, and tobacco smoke (IARC, 2006) . In addition, it can be produced by the blending of chemicals, such as household cleaning products, air fresheners, or perfume with ozone (Liu, Mason, Krebs, & Sparks, 2004; Uhde & Salthammer, 2007) .
Although there are no standards for FA exposure level in residential dwellings (EPA, 2011) , the ATSDR has established minimal risk levels of 0.040 part per million (ppm) for acute-duration inhalation exposure (14 days or less), 0.030 ppm for intermediate-duration inhalation exposure (15-364 days), and 0.008 ppm for chronic-duration inhalation exposure (365 days or more; ATSDR, 1999) . Pregnant women's mean exposure level to FA is 0.040 (at the level of acute-duration inhalation), with a range of 0.003 to 0.540 ppm (Amiri et al., 2015) . However, the ATSDR recommends less than 0.030 ppm for sensitive populations, including fetuses, children, the elderly, and the infirm (ATSDR, 1999) .
More than 46 billion pounds of FA are produced worldwide annually and are used in building materials and household products (World Health Organization, 2010) . Today, 37 companies produce FA at 40 plants in the United States in 20 states. Wood products that are imported from Malaysia and China had the greatest FA emission levels at 2.24 times the Australian standard (Ecos, 2006) . In 1985, the U.S. Department of Housing and Urban Development set a maximum allowable concentration of 0.3 ppm for products used in manufactured homes (EPA, 2011); however, the EPA reported that in homes with significant amounts of new pressed wood products, FA levels can be greater than 0.3 ppm (EPA, 2011) . Although 65% of the furniture sold in the United States was imported from Asian countries, and furniture imports from China increased by 166% between 2000 and 2005 (Luppold & Bumgardner, 2011) , there have been no updates to the minimal risk levels or recommendations for FA exposures in sensitive populations.
Formaldehyde is absorbed through the dermis, by inhalation, or by ingestion; freely crosses the placenta to the fetus through passive diffusion; and accumulates in fetal organs (Pidoux et al., 2015) . Elimination of FA is slower from fetal tissues, including brain and liver, compared with maternal tissues (Thrasher & Kilburn, 2001) . The cause of this slow elimination is not clear; however, researchers showed that FA can be combined with nucleic acids and proteins and result in DNA-protein crosslinks in placental and fetal tissues (Pidoux et al., 2015) . Pidoux et al. (2015) reported that FA promoted trophoblast cell fusion, decreased trophoblast hormonal functions, and increased oxidative stress in trophoblasts. Although endocrine activity of the placenta is essential for ensuring fetal growth and development, FA accumulation in the placenta may result in hormonal dysfunction in the placenta and alter its regeneration (Pidoux et al., 2015) . In addition, authors of several studies showed that FA exposure during pregnancy has toxic effects on the fetal immune system, which is mediated by reduced anaphylactic antibody Limited evidence exists regarding the effect of low-level formaldehyde exposure during pregnancy on fetal growth. Formaldehyde and Fetal Growth synthesis, interleukin 6, and tumor necrosis factor-a secretion (Maiellaro et al., 2014; Silva Ibrahim et al., 2015) .
Biological changes and behaviors during pregnancy may predispose women to FA exposure. For example, increases in minute ventilation (>50%), respiratory rate (15%), tidal volume (40%), and alveolar ventilation (70%; Cunningham et al., 2010; Jeffcoat, Chasalow, Feldman, & Marr, 1983) escalate the volume of inhaled air per minute during pregnancy, which can increase the likelihood of FA exposure (Amiri et al., 2015) . Furthermore, during pregnancy women may engage in home preparations for the birth of a new baby, such as room renovation and new furniture, which may lead to an increased level of FA in homes (Amiri et al., 2015) .
In a study in Kaunas, Lithuania, Maroziene and Grazuleviciene (2002) A systematic review was conducted by Duong et al. (2011) to identify reproductive and developmental toxicity associated with FA exposure in pregnancy. The review included 16 studies in which researchers focused on exposures to FA and its reproductive implications. Reproductive outcomes were divided into two main categories of spontaneous abortion and developmental outcomes combined. The developmental outcomes combined included the combination of spontaneous abortion, birth defects, and LBW. The investigators combined these outcomes because of the limited number of available studies to increase the power of the analysis. However, there were enough studies to support spontaneous abortion as a single outcome; therefore, the investigators analyzed spontaneous abortion as a single outcome and as part of combined outcomes and found an increased risk of spontaneous abortion (OR ¼ Oxidative stress occurs when the production of reactive oxidant molecules goes beyond the capacity of the cell's antioxidant defense mechanisms (Thompson & Al-Hasan, 2012) . Although poor pregnancy outcomes such as abortion, loss of placental function, preeclampsia, preterm labor, and LBW have been linked to oxidative stress (Buhimschi et al., 2003; García-Estañ , Ortiz, & Lee, 2002; Negi, Pande, Kumar, Khanna, & Khanna, 2012) , the physiopathology is not clear. Authors of some studies showed that an excess fibrinoid deposition as a result of villous death and decreased mitochondrial respiration in the placenta due to oxidative stress can lead to placental insufficiency that may result in poor pregnancy outcomes (Crowley, 2014; Ilekis et al., 2016) . Y. J. Kim et al. (2005) studied the role of maternal oxidative stress in neonatal outcomes in 261 singleton pregnancies in Korea. They found that levels of maternal oxidative biomarkers (urinary 8-hydroxydeoxyguanosine and malondialdehyde) were inversely associated with birth weight of full-term infants (p < .05). Potdar et al. (2009) studied oxidative stress in early pregnancy and its association with an increased risk of SGA. These investigators measured the oxidative stress biomarker (8-oxo-7,8-dihydro-2 0 -deoxyguanosine) in spot urine samples collected at 12 and 28 weeks gestation and reported that the oxidative biomarker level was significantly higher at 12 weeks (p < .0002) and 28 weeks (p < .04) in SGA fetuses.
There is limited empirical evidence about levels of FA exposure in pregnant women and its relationship to fetal growth. We adopted a biological model from Kannan, Misra, Dvonch, and Krishnakumar (2006) , who showed the relationship between particulate matter, as an outdoor air pollutant, and pregnancy outcomes, considering the effect of oxidative stress as a biological pathway in this relationship. We examined the relationship between FA exposure and fetal growth in the second trimester and the potential mediating role of oxidative stress in the relationship between FA exposure and fetal growth.
Methods

Study Design
We used a cross-sectional design with participants recruited from urban obstetrics and gynecology clinics (one public, two private) in the Southeast region of the United States. Recommendations by Cohen (1984) were used to calculate sample size and power. Accounting for a 20% proportion attrition, a sample size of 140 was needed for a medium effect size (R 2 ¼ 0.13, 
Study Biomarkers/Procedures
Ultrasonography is the most accurate method to assess fetal growth within the first and second trimesters (American College of Obstetricians and Gynecologists, 2013; Fescina et al., 2011) . The most common fetal ultrasonographic biometric measurements are biparietal diameter (BPD), head circumference (HC), abdominal circumference (AC), femur length (FL), and the ratio of abdominal circumference to femur length (AC/FL; Fescina et al., 2011) . These measurements are standardized on the basis of gestational age (American College of Obstetricians and Gynecologists, 2013) and are compared with the customized norms, which can be different in different cultures and races. We measured fetal growth as the dependent variable using second trimester ultrasonographic biometry, including HC, AC, FL, BPD, estimated fetal weight (EFW), and AC/FL. These measurements were obtained through review of participants' ultrasonography reports from the electronic health record. Ultrasonographic measurements were reported by certified ultrasonography technicians at each clinic site. Ultrasonography technicians complete annual training to maintain competency in the specialty of fetal ultrasonography, and devices are calibrated annually.
Using reported ultrasonographic biometry measurements, biometry percentiles and EFW were calculated with the Hadlock formula (Hadlock, Deter, Harrist, & Park, 1984 In this study, ultrasonographic biometry measurements were collected as numeric data (in millimeters for AC, HC, BPD, FL), but converted to percentiles on the basis of gestational age and by using the Hadlock formulas (Hadlock et al., 1984; Hadlock, Harrist, & Martinez-Poyer, 1991) and the Web site http://www.perinatology. com/calculators/biometry.htm. AC/FL ratio is independent from gestational age and has the same value between 20 and 40 weeks gestational age (Fescina et al., 2011) . Therefore, no percentile was calculated for this measurement. The AC/FL ratio is calculated by SPSS using reported AC and FL measurements in millimeters. The AC/FL ratio was considered as two groups: less than 4.25 and equal to or greater than 4.25; values less than 4.25 have been found to be associated with a greater probability of IUGR (Fescina et al., 2011) .
The sensitivity and specificity for each of the specific fetal ultrasonographic biometric measurements differs. The sensitivity and specificity of BPD in determining IUGR are 67% and 93%, respectively (Fescina et al., 2011) . However, the sensitivity and specificity for HC are 42% and 100% and for AC are 94% and 100%, respectively (Fescina et al., 2011; Horacio Fescina, Martell, Martinez, Lastra, & Schwarcz, 1987) . AC/FL ratio remains constant during pregnancy (Fescina et al., 2011) and its sensitivity and specificity in determining IUGR are 46% and 90%, respectively (Fescina et al., 2011; Horacio Fescina et al., 1987) .
A vapor monitor badge was used to measure FA exposure levels (Advanced Chemical Sensors, Inc., 2016). Participants were instructed to wear the FA badge for 24 hours while they were at home, work, school, and other locations. We asked participants to place the badge on a chair or a stand near their head while they slept and when they showered. The vapor monitor badges were collected and sent to the Advanced Chemical Sensors, Inc. laboratory in Boca Raton, FL, for FA analysis every 2 weeks as a batch. The monitors were analyzed by high-performance liquid chromatography, method 2016 (National Institute for Occupational Safety and Health, 2003) , at
We found a relationship between formaldehyde exposure and biparietal diameter in the second trimester.
Formaldehyde and Fetal Growth the Advanced Chemical Sensors, Inc. laboratory. This method can be used for the determination of FA for short-term exposure limits and timeweighted average exposures (Tucker, 2002) .
After the interview, urine samples were collected to measure cotinine, 15-isoprostane F 2t , and creatinine. Table 1 provides details on the measurement tools and laboratory methods for FA, cotinine, and 15-isoprostane F 2t . Urine cotinine was measured as a biomarker of tobacco smoke exposure (Benowitz et al., 2009) , which is a source of indoor FA (Baker, 2006) . Cotinine was measured using a urinary ELISA assay kit (Calbiotech, Spring Valley, CA) . The detection limit of the cotinine assay was 2 ng/ml, which is the lowest concentration of cotinine that can be reliably detected with this specific method (Calbiotech, 2008) . 15-isoprostane F 2t as a biomarker of oxidative stress was measured in urine (Halliwell & Gutteridge, 2007 ) using a urinary isoprostane ELISA kit (Oxford Biomedical Research, Inc., Rochester Hills, MI). Creatinine levels were used to standardize the levels of cotinine and 15-isoprostane F 2t in urine. The urinary creatinine level is recognized as an index of standardization of urinary biomarkers. This standardization is necessary because of cotinine and 15-isoprostane F 2t fluctuations in urine caused by the changing specific gravity of urine (Benowitz et al., 2009) . Creatinine was assayed using the colorimetric analysis method. Urine cotinine and 15-isoprostane F 2t were assayed by the first author under supervision of a biochemist in the university laboratory as a batch, and creatinine assays were conducted by the National Medical Services laboratory in Willow Grove, Pennsylvania using the colorimetric analysis method. The first author was trained by a biochemist for 2 months before running the assays. Quality controls were conducted using control assays provided by the manufacturers. The urine samples for creatinine measurement were shipped to the National Medical Services laboratory as a batch every 2 weeks.
Data Analysis
Pearson correlation coefficients were used to determine the relationships among maternal demographics and obstetric history with fetal ultrasonographic biometric measurements. Point biserial correlation coefficients were used when the maternal demographics and obstetric history were dichotomous. In addition, differences in mean fetal growth measures by fetal sex were examined with independent-sample t tests. Analysis of variance (ANOVA) or Kruskal-Wallis ANOVA (when the assumption of homogeneity Amiri, A., and Turner-Henson, A.
of variances was not met) was used for comparisons of categories of race and employment status on ultrasonographic biometry.
Multiple linear regression analyses were performed to determine the relationships among fetal ultrasonographic biometric measurements as dependent variables and maternal demographics, obstetric history, levels of FA exposure, and cotinine level as independent and confounding variables. Cotinine level in these models was considered a continuous variable, and the level of FA was considered a dichotomous variable based on ATSDR classification (<0.03 ppm or >0.03 ppm; ATSDR, 1999). A mediation model was used to describe the observed relationship between the level of FA exposure and tobacco smoke exposure and the dependent variables (HC, AC, FL, BPD, EFW, AC/ FL). Additionally, to determine the mediating effect of oxidative stress, the simple mediation model was used (see Figure 1) .
Results
Maternal demographics are described in Table 2 . Fetal growth biometrics by percentile are shown in Table 3 . Descriptive statistics for levels of FA, cotinine, and 15-isoprostane F 2t are reported in Table 4 . Extreme outliers were observed for one FA vapor monitor badge reading (0.54 ppm) and one urinary cotinine value (3892 mg/g), from different participants.
The outliers were removed from the linear regression model analyses. A total of 88 (63%) study participants returned the FA badge, and missing data were noted for 8% of the ultrasonographic biometry measurements and other demographic characteristics.
No significant correlations were found between maternal age, education, marital status, yearly family income, and fetal ultrasonographic biometry measurements. In addition, there were no significant differences in any of the mean fetal growth ultrasonographic biometry measurements for the three employment status categories. However, there was a significant difference in mean BPD percentiles across racial groups (F ¼ 4.26, p ¼ .016). Post hoc analyses indicated that the BPD percentile mean for the variable White was significantly lower than the BPD percentile means for the two other race variables (African American and others; p < .05), where others included Hispanic, Asian, and Native American. There was also a significant difference in EFW percentile medians, with the White group having the greatest median (Kruskal-Wallis c 2 ¼ 5.9, p < .03).
There was no significant relationship between gravida, maternal smoking status, or interval between two pregnancies and fetal ultrasonographic biometric measurements. There was a significant relationship between FL and BPD percentile and fetal sex using point-biserial correlation coefficient (p < .001 and p < .045, respectively). This relationship was confirmed by one-way ANOVA for FL and fetal sex (F ¼ 12.9, p < .001): that is, female fetuses had a greater mean FL percentile. However, there was no Formaldehyde and Fetal Growth significant difference for BPD percentile and fetal sex using ANOVA (F ¼ 3.5, p < .063).
Bivariate model analyses were examined to determine the relationships between fetal ultrasonographic biometric measurements, FA exposure level, and cotinine level. An inverse significant relationship was found between FA exposure level measured and BPD (point biserial correlation coefficient ¼ À.303, p < .006): that is, greater FA exposure (>.03 ppm) was found to be significantly associated with lower BPD percentile. In addition, a significant inverse relationship was found between FL and cotinine level (r ¼ À.175, p < .045): that is, greater FA exposure was associated with shorter FL. Researchers showed that small BPD and short FL in the second trimester are associated with a greater risk for fetal growth restriction and an increased risk of preterm birth (Goetzinger, Cahill, Macones, & Odibo, 2012; Pedersen, Figueras, Wojdemann, Tabor, & Gardosi, 2008; Vasudeva, Abraham, & Kamath, 2013) .
We used linear regression models to identify the role of confounding variables, including maternal age, fetal sex, and race, in the significant relationships between FA exposure and BPD and cotinine level and FL. FA level was included as an independent variable, and BPD was considered as the dependent variable. We added race and fetal sex, which were found to be associated with BPD or FL, to the model as confounding variables. The overall model to predict BPD was significant (F ¼ 3.596, p < .006), with an R 2 of .20.
Fetal sex was not significant and was removed from the model. When we controlled for race, FA level was a significant predictor of BPD percentile (b ¼ À.271, p < .013). Post hoc power analysis showed a power of 0.80 for FA and 0.65 for race. Therefore, we found that greater FA exposure is Amiri, A., and Turner-Henson, A.
associated with smaller BPD after controlling for race.
We examined another regression model in which cotinine level and FL percentile were the independent and dependent variables, respectively. The overall model was significant (F ¼ 3.07, p < .013), with an R 2 of .12. Fetal sex was significant in the model after race was removed (p < .001). When we controlled for fetal sex, urinary cotinine was not a significant predictor of FL percentile (b ¼ À.123, p < .168). Post hoc power analysis showed a power of 0.29 for urinary cotinine and 0.86 for fetal sex. Therefore, the higher level of cotinine in urine was not significantly associated with shorter FL.
To determine the mediating role of oxidative stress, we used univariate correlation models to examine steps 1 through 4 (see Figure 1) . The first step was to determine the relationships between FA with fetal ultrasonographic biometric measurements. A relationship was found between FA exposure and BPD percentile. The second step was to determine the relationship between FA level and 15-isoprostane F 2t . No relationship was found between 15-isoprostane F 2t and FA level. In the third step of the mediation model, there was no relationship between fetal ultrasonographic biometric measurements and the level of 15-isoprostane F 2t . Therefore, the mediating role of oxidative stress in the relationship between FA exposure level and BPD (step 4) was not supported in this study.
Discussion
Although reproductive environmental health focuses on the effects of environmental exposure, such as outdoor and indoor air pollutants, on pregnancy outcomes, little is known about the effects of indoor air pollutants during early pregnancy. Formaldehyde, a common indoor air pollutant, is associated with acute and chronic health effects such as allergic reactions, asthma, lung cancer, and leukemia (IARC, 2006) . However, pregnancy outcomes associated with FA exposures have not been widely examined. In a previous study, researchers identified common sources of FA exposure in pregnancy such as new furniture, new carpet, and nail polish (Amiri et al., 2015) .
To date, little is known about the effect of FA exposure and second trimester fetal growth. In our study, higher FA exposure levels were significantly related to lower BPD measurements. BPD is one of the most accurate measurements during the second trimester to Formaldehyde and Fetal Growth estimate gestational age (Tunon, Eik-Nes, & Grottum, 1999) . A small BPD measurement in the second trimester, as reported by Pedersen et al. (2008) and Vasudeva et al. (2013) , is a predictor of SGA and perinatal death. In addition, Hasegawa, Aoki, Kurasawa, Takahashi, and Hirahara (2015) retrospectively selected women with severe fetal growth restriction (<5th percentile) who gave birth before 30 weeks of pregnancy; they found that neurodevelopmental complications were more common in infants with BPD less than 50% below the mean growth rate (p ¼ .009).
We found no correlation between the level of FA exposure and the other fetal growth biometrics of AC, FL, HC, and AC/FL. These findings could be due to the lack of sensitivity and specificity of the measures, such as FL and EFW in the second trimester (Fescina et al., 2011) . Further, the percentiles of AC, FL, BPD, and HC and the EFW were calculated using Hadlock et al. (1984) Oxidative stress was not determined to be a mediator in the relationship between FA exposure and BPD. Although oxidative stress was found to be a determining factor in the cytotoxic effects of FA (Pidoux et al., 2015) , to our knowledge there are no published studies that have investigated the role of FA exposure on oxidative stress during pregnancy in humans in any trimester.
Study Limitations
This was an exploratory study with a small sample size. Because of the feasibility, we measured FA exposure only one time throughout the second trimester, with the assumption that it would be the same throughout the trimester. However, multiple measurements will add to the validity of future studies. Furthermore, we did not measure other indoor and outdoor air pollutants that might have an effect on fetal growth. As previously mentioned, gestational age and percentiles in this study were calculated with the formula established by Hadlock et al. (1984) . Because one single fetal ultrasonographic biometry measurement is not applicable across all ethnicities (Parikh, Nolan, Tefera, & Driggers, 2014) or for both fetal sexes (Melamed et al., 2013) , the use of the Hadlock formulas in this study may have over-or underestimated the percentiles of fetal ultrasonographic biometric measurements.
Implications for Nursing Practice and Education
Human fetal developmental experiences are important in determining the patterns of health and disease over the life course (Barker, 1995; Barker et al., 1993) . Nurses play a major role in prenatal care by promoting the health and well-being of the mother and developing fetus. Although environmental exposures are known to affect pregnancy outcomes, such as fetal growth, nurses are often ill-prepared to provide guidance to mothers, and these environmental risks are rarely addressed as part of prenatal care.
Environmental health concepts are rarely taught in nursing curricula (Leffers et al., 2015) ; thus nurses in clinical care are often unprepared to address environmental risk reduction, particularly in prenatal care settings. Assessment of environmental risks during pregnancy should be a standard part of prenatal care. Nurses should educate women during prenatal care visits on risk reduction strategies to avoid toxic exposures Pregnant women may be advised to limit their exposure to sources of formaldehyde such as new furniture, nail polish, and new carpet during pregnancy. Amiri, A., and Turner-Henson, A. such as to nail polish (Alaves, Sleeth, Thiese, & Larson, 2013) , new carpet, and new furniture (Dassonville et al., 2009; J. Kim et al., 2013) . Simple risk reduction strategies should be taught to reduce exposure to FA, such as opening the windows, adding nontoxic potted plants in residential dwellings, polishing nails while outdoors rather than indoors, or wearing an appropriate mask in nail salons (Amiri et al., 2015; Wood et al., 2006) .
Implications for Future Research
Reproductive environmental health, an emerging area of research, needs more research to examine environmental exposures and pregnancy outcomes. Future studies with larger sample sizes are necessary to identify the effects of FA exposure during pregnancy and its effect on fetal growth. Animal and cellular studies are also necessary to explore the relationship between FA, oxidative stress, and pregnancy outcomes.
